The spatial confinement of the tip-induced plasmon is a critical factor to determine the resolution of the tip-enhanced Raman spectroscopy (TERS) system. Despite the compressed optical field, only 1 nm is obtained by the self-interaction effect of molecule; however, the deeper physical laws underlying are still under discussion. In addition, due to the gap between the tip and the substrate is only a few nanometers (or less), the quantum effects should be taken into account. For simplicity, we treat the system of the plasmonic dimer with a molecule in the gap as a TERS-like system. In the framework of the newly developed quantum hydrodynamic model, we propose a model to study the light field enhancement and compression affected by the quantum effects in TERS-like system. The results show that the "hot spot" size depends on both the shape and the boundary location of the molecule in the dimer gap. The mechanism of such light field distribution will make us distinguish the boundary of the molecule more clearly. Therefore, our theoretical model offers a new insight into the confinement of the electromagnetic field in the TERS-like system, hence, the physical mechanism of the subnanometer spatial resolution in TERS system.
Introduction
Plasmon resonance offers a powerful way to confine the electromagnetic field to regions well below the diffraction limit with extremely high intensities [1] , [2] . Built on this fundamental concept, tip-enhanced Raman spectroscopy (TERS) [3] - [6] and imaging can reach sub-nanometer spatial resolution [7] , while the physical origin of such ultra-high resolution is still unsettled [8] - [10] . There are currently three mainstream views. First, from the spatial distribution of the enhanced light filed, the spatial resolution of TERS is nearly the same as the focus spot size of the tip. Zhang et al. pointed out that the self-interaction of molecule with the plasmonic nanogap strongly modulates the spatial confinement of the plasmonic field, leading to a "super-hot spot" and sub-nanometer lateral resolution of Raman mapping [8] . Second, from the view of the interaction between the molecule and the enhanced light field, Sai Duan et al. showed that the optical transition matrix of the molecule depended on the position and distribution of the plasmonic field, resulting in a spatially resolved high-resolution Raman image of the molecule [9] . In addition, there are also evidences that the electric field gradient terms with the electric dipole-quadrupole polarizability, which account for the nonlinear Raman scattering processes, also play a role in the ultra-high spatial resolution of TERS [10] , [11] . Nonetheless, there are still many open questions remained. For instance, when describing the linear and nonlinear Raman responses of molecules, the confined plasmonic field is usually assumed to be a predetermined value, which cannot reflect the real situation of the plasmonic distribution. On the other hand, due to the fact that the gap between the tip and the metal surface is only a few nanometers, the quantum effects such as nonlocal response and electronic spill-out become important, which have significant impact on the optical field enhancement and distribution [12] - [16] . In this paper, we focus on these problems.
The classical electromagnetic theory predicts that the optical enhancements keep increasing when the gaps between the tip and the metal surface decreased. In fact, due to the electron tunneling effect, the maximum achievable plasmonic enhancement is limited and this phenomenon has been observed experimentally [14] , [17] , [18] . What's more, the quantum effects can also create the frequency shifts, spectral broadening, and multipole resonances of the nanoplasmonic system [19] , [20] . However, using the pure quantum theory to explain these phenomena has gone beyond the existing computing power [21] . Therefore, many semi-classical theories have been developed [19] , [20] , [22] - [27] . For examples, more recently, Esteban et al. proposed a quantum-corrected model that incorporated quantum effects within a classical electrodynamic framework, to describe electron tunneling between the gaps of dimer [25] ; Mortensen et al. presents a generalized non-local optical response theory for plasmonic nanostructures, which can be used to reveal frequency shifts and size-dependent damping in individual metallic nanoparticles as well as the classical broadening [26] . Among them, the quantum-hydrodynamic model (QHM) has gained the most attention because of its quantitative description nature for the quantum effects from the first principles [19] , [20] , [28] . The other important issue is that for Raman scattering at plasmonic junctions, the molecule can play a bridging role and shorten the junction plasmon [29] - [31] . These intriguing results reveal that the molecule has been coupled into the plasmonic system, and we cannot treat the molecule or the plasmon as the independent systems.
In order to reveal the deeper physical laws of the confined plasmonic field with quantum effects in real TERS system, in this paper, we treat the plasmonic dimer with a molecule as a TERS-like system for the sake of simplicity, i.e., two nanoparticles are regarded as the tip and the metal surface, respectively. In the framework of our newly developed QHM, we propose a model to study the spatial confinement of the plasmonic field coupled with a molecule where the quantum effects have been considered. Specifically, we study how the volume and the location of the molecule affect the local field distribution of the TERS-like system. The results provide new insight into the physical original of the high-resolution Raman image in the real TERS system.
Theoretical Model
In the practical system, the light field is modulated by both the bound electrons and the free electrons. It is worth noting that there is an essential distinction between the molecule-photon interaction and the Plasmon resonances. Specifically, the plasma oscillations can be regarded as the movement of the free-electron flow due to intraband transition, while the molecule-photon interaction is an interband process of the bound electrons. In our model, we combine these two mechanisms.
As illustrated in Fig. 1 , there are three different zones, which are respectively the metal layer, the electron spill-out layer and the region occupied by the molecule. To simplify the numerical computation, here we consider the modeling in two dimensional cross-sections. The two nanowires are assumed to have the same radius. The molecule to be measured is regarded as a dielectric in the conventional sense: its electric charges do not flow through the molecule but only slightly shift from their average equilibrium positions thus causing dielectric polarization. This is analogous to the innermost electrons in a metal contribute to the polarizability of Plasmon resonance. Therefore, Fig. 1 . Sectional view of the dimer (two metal nanowires) with a single molecule. Here, we ignore the effects along Z direction, which is perpendicular to the X and Y axis. The radius of the nanowire (metal layer) is R, and the electron spill-out layer is Rs. W and L are, respectively, the width and length of the molecule.
the screening permittivity induced by the bound electrons (interband transitions) in Fig. 1 can be written as
i n electr on s p i ll − out layer ε 0 ε mo (ω), i n molecular layer (1) where ε 0 is the permittivity of free space, and ε me and ε mo are the relative permittivities in metal layer and molecule layer, respectively. Then the polarization electric field E 1 induced by the electriccharge density ρ 1 in the frequency domain as
In addition, the total electric field E and magnetic field B are defined by
where E 0 is the input electric field, and A(r,t) and φ(r,t) are the vector and scalar potentials, respectively. Here, we need to declare that in practical system, the molecule is very complex rather than a rectangular piece of a dielectric material. The actual properties are depended on the calculation of the optical transition matrix from the first principles, which is not the scope of this paper [9] . In addition, all the contributions of the bound electrons to the light field can be reflected in the relative permittivity, including the phonon-stimulated Raman scattering [32] and molecular spontaneous emission and fluorescence [33] . In our model, we assume that the molecules are isotropic for simplicity. For the free electrons, the semi-classical electromagnetic dynamic Hamiltonian can be written as [24] H [n(r, t), p(r, t)] = G [n(r, t)] + (p(r, t) − eA(r, t)) 2 2m n(r, t)dr + e φ(r, t)n(r, t)dr + e e 2 dr n(r , t) 4πε 0 |r − r | − V i on (r) n(r, t)dr (5) where e is the electron charge, m the electron mass, n(r,t) the electron density, ε 0 the permittivity in free space, and p(r,t) = mv(r,t) + eA(r,t) the canonical momentum of an electron in an electromagnetic field. V ion (r) denotes the electrostatic potential from the positive ion background. In this study, we employ the jellium model for the ion distribution. The term G[n(r,t)] is the internal quantum energy, which is the sum of a kinetic energy functional (T TF W [n(r,t)]) and an exchange-correlation (XC) energy functional (E xc [n(r,t)]) given by [34] G [n(r, t)] = T TF W [n(r, t)] + E xc [n(r, t)]. (6) There are numerous types of hybrid exchange-correlation functional (E xc ). In our calculations, we choose a one-parameter function [35] E xc = a 0 E x + (1 − a 0 n(r, t) dr (10) with λ ω = 1/2 being the coefficient of the second-order inhomogeneity correction.
In the framework of the QHM, There are two main steps to characterize the linear-response dynamics (LRD) of an inhomogeneous electron gas. The first step is to solve the equilibrium electron density n 0 (i.e., without any input light field) using [19] 
where n ion is the ion density. Under weak external perturbation, the corresponding variables can be written as n(r, t) = n 0 (r, t) + n 1 (r, t), δG /δn = (δG /δn) 0 + (δG /δn) 1 . On one hand, because the molecule is electrically neutral, it has no influence on the equilibrium free-electron distribution of the original dimer system. On the other hand, from (2)- (4), we know that the net charge density (induced by the non-equilibrium charge distribution) ρ 1 is a function of A(r,t), φ(r,t), and the screening permittivity ε b . This means that the effect from the bound electrons (i.e., the molecule and the innermost electrons in the metal layer) has been implied in the potential functions A(r,t) and φ(r,t). Therefore, for the whole system, the LRD can be described by a coupling of the Maxwell's wave equation and the motion equation of single electron as follow (we assume that the frequency of the input light is ω) [19] 
where ω p = [e 2 n ion /(mε 0 )] 1/2 is the bulk plasma frequency, J 1 the polarization current in the frequency domain, c is the speed of light in vacuum, and μ 0 the permeability of vacuum. Equation (13) indicates that the effects from the molecule have been coupled into the original dimer system through the parameter ε b . Due to Coulomb screening effect, γ is the density-dependent damping rate of a single electron, which can be written as the following simple form under static approximation [37] , [38] : with γ 0 the damping factor for bulk material, and ε b (r) represents the dielectric permittivity related to the bound electron screening.
Results And Analyses
It is worth noting that the above theoretical model can actually be applied to any real TERS system. Here, focusing on the TERS-like system in Fig. 1 , we considered R = 2 nm, R s = 1.2 nm, γ 0 = 0.017 eV. The ion density takes the value of n ion = 2.5173 × 10 28 m −3 , i.e., we consider the sodium nanowires instead of gold or silver. The advantage is that the screening from the bound electrons can be ignored, i.e., to set ε me = 1 in the metal layer. This is because the Plasmon resonance frequency for bulk Na is deviated from the interband transition frequency of the bound electrons, while the screening effect for noble metals needs to be considered. Normally, ε mo is a frequency dependent complex variable. Ignore the absorption as in [8] , we assume that ε mo = 2.25 when ω = 4.017 eV. Here, the center coordinate of the gap is denoted as O (0, 0), where the unit is one nanometer.
In order to understand how the quantum effects limit the intensity and spatial distribution of the local field, first we show the extinction cross-section and the enhanced electric field distribution when the molecule is ignored. Due to the electronic spill-out effect, there is an annular local field at the metal surface, instead of a dipolar field distribution when the XC and the von Weizsäcker functionals are neglected [39] . As displayed in Fig. 2(a1)-(e1) , when the gap decreases from 6 nm to 2 nm, the peak of the exction cross-section undergoes a redshift. Obviously, when the distance between the two nanowires is far away, they can be considered as independent individuals. When gap = 6 nm, the peak in Fig. 2(a1) is actually very close to that for a single nanowire. With the distance gradually reduced to 2 nm, the electric field in the gap is enhanced; the classical effect still plays a leading role at this stage. However, due to electronic spill-out, when the gap reaches only one nanometer or less, the two individual nanowires will gradually couple together. The reduction of the symmetry leads to two different peak modes as clearly showed in Fig. 2(d1) and (e1) . Meanwhile, the electrical field in the dimer gap is weakened in Fig. 2(d2) and (e2) . These results agree well with the recent theoretical and experimental results [39] - [43] . We point out that such a quantum effect is also present in the practical TERS system, i.e., the optimized input light frequency from the exctiction cross-section and the enhancement effect with appropriate gap are needed to be considered. In the following study, we choose the input light energy E = 4.017 eV, and the gap between the dimer is set to be 2 nm.
As prediction from the classical electrodynamics, the self-interaction effect of the molecule can lead to a "super-hot spot" and sub-nanometer resolution in TERS system. However, how the shape and the volume of the molecule affect this "super-hot spot" is still unclearly. Notably, the relevant field enhancement also depends strongly on the morphology of the gaps, which is not the scope of this paper [44] - [46] . Considering the quantum effects mentioned above, we have simulated the enhanced field distribution with different shape of the molecule in Fig. 3 . Here, we assume that the molecule is small enough so that it is fully included in the electron spill-out layer, and the center coincides with the point O (0, 0).
From Fig. 3 , we can clearly see that there is a "super-hot spot" in the boundary of the molecule. And the spatial distribution of this spot field mainly depends on the detection size (i.e., the length "L" in our model) of the molecule. Specifically, by comparing the 1-D profiles of electric field distribution in Figs. 3(a) and 3(b) , it's easy to see that the full-width at half-maximum (fwhm) of the plasmonic "hot spot" decreases as the length of the molecule becomes shorter (from 1.2 nm to 0.6 nm). In addition, with the compression of the "hot spot", the intensity peak of the electric field at the molecular boundary is also enhanced. When the molecule width increases to 1.2 nm in Fig. 3(c) , we find that there is almost no change in the fwhm, while the intensity has been enhanced. These results indicate that the shape of the molecule is a critical factor to influence the local field confinement in real TERS system.
Normally, in a real TERS system, the sample to be measured is not only the very small molecule mentioned above, but also includes the dielectric that larger than the tip surface area of the probe. Now, we assume that the single molecule (or a big dielectric) is so large that part of the molecule Fig. 4 . Position dependence of the local electric field distribution with a dielectric (or a very large single molecule) that is larger than the area of the electron spill-out layer (i.e., the probe tip in real TERS system). The length (L) and width (W) of the dielectric are 0.6 nm and 4 nm, respectively. The center coordinate are C1 (0, 0), C2 (0, −1), C3 (0, −2), and C4 (0, −3), respectively. The unit is one nanometer.
is outside of the electron spill-out layer. In the following section, we study how the position of the molecule affects the local light field. Fig. 4(a) shows that when the center coordinate is located at the point C 3 (0, −2), one end face of the molecule is at the center of the dimer gap. Correspondingly, as shown in Fig. 4(b) , there is a sudden increase in the electric field intensity near the boundary of the molecule. In addition, the spatial distribution is more compressed than other cases (i.e., C 1 (0, 0), C 2 (0, −1), and C 4 (0, −3)). On one hand, this result indicates that only when the molecule interface is at the center of the dimer gap, the molecule has the strongest modulation on the oscillation of the free electrons in the original nano-plasmonic system. On the other hand, the greater enhancement as well as compression of the local electrical field at the molecule interface can make us distinguish the boundary of the molecule more clearly, which plays a significant role to the super-high resolution in real TERS system. It should be noted that there should be other more physical mechanisms account for sub-nanometer resolution in TERS system, which is the subject of our future research.
Summary and Discussion
In conclusion, within the framework of the QHT, a model to study how the shape and boundary location of the molecule affect the confinement of electrical field in TERS-like system is proposed.
Because the local field enhancement in the gap is limited by the quantum effect, a suitable gap distance between the tip and substrate, as well as input light frequency needs to be considered in real TERS system. When the molecule area is smaller than the probe end face, the compression of the light field around the molecule depends on the shape of the molecule itself. For the molecule that are larger than the electron spill-out layer, we find that when the molecule interface is at the center of the dimer gap, there is a sudden increase and narrowing of the electric field intensity at the boundary of the molecule. Applying both of these two findings can help us to better detect the morphology and boundary properties of the molecule. Meanwhile, these results indicate that the electrical field distribution in real TERS system can be very complex, instead of a simple Gauss function. We believe that our theoretical model will be useful in revealing more quantum mechanism behind the sub-nanometer Raman image of TERS system in the future.
